We show that the experimental data on |V ub | in various B meson decay modes suggest a possibility of CP -violating right-handed current in the b → u transition. Its consequences in B → ππ, ρρ, DK are examined and compared with experimental results in order to clarify possible signals of the CP violation in these decay modes. As a result, we find that the CP -violating right-handed current is consistent with current experimental data. Its signal might be discovered by precise CP measurements in future experiments.
I. INTRODUCTION
Left-handedness is the most interesting nature of the weak charged current. The charged weak boson W couples only to the left-handed fermions in the standard model (SM), and this structure of the SM results in purely left-handed charged currents. Another notable aspect of the weak charged current is the Cabibbo-Kobayashi-Maskawa (CKM) mixing in the quark sector [1, 2] . Because of the CKM mixing the strength of the quark charged current varies depending on the flavors involved in a transition, while the left-handedness remains universal apart from tiny radiative corrections.
New physics (NP) beyond the SM may violate the universality of the charged current. In particular, NP effects are expected to be significant for CKM suppressed transitions if the supposed NP has a different flavor structure from the SM. Among several CKM suppressed channels, the b → u transition is most likely to be affected by NP in this sense. Moreover, we can examine it with the competent data of B factory experiments.
It was pointed out that a mixture of right-handed current (RHC) in the b → u charged current explained the discrepancy among magnitudes of the relevant CKM matrix element, |V ub |, determined by various B decay modes [3] [4] [5] . Recently, Belle collaboration updated the data on the pure tauonic B decay, B − → τν 1 [6] , and the new result seems more consistent with the SM than the previous one [7] .
In this work, we revisit the possibility of RHC in the b → u transition taking the new Belle data into account. In Sec. II, we introduce the b → u RHC and explain how it affects the |V ub | determination in leptonic and semileptonic B decays. Then, we show that the present experimental data suggest a sizable CP -violating (CPV) RHC in this transition. According to this observation, we study possible CPV signals in hadronic B decays, B → ππ, B → ρρ and B → DK, in the presence of the b → u RHC in Sec. III. We find that new CPV signals absent in the SM arise in direct CP asymmetries and the measurement of angles of the unitarity triangle. Comparing these possible signals of the RHC with the relevant experimental data, we show that the b → u CPV RHC is a viable NP scenario. We also compare the b → u RHC induced by squark mixings in the minimal supersymmetric standard model (MSSM) to the experimental constraint obtained in Sec. II. Our conclusion is given in Sec. IV.
1 Charge-conjugation modes are implied unless otherwise stated.
II. EFFECTS OF THE RIGHT-HANDED CURRENT IN |V ub | DETERMINATION
A set of right-handed quark charged currents appears in the SM once we introduce higher dimensional operators. The gauge-invariant effective lagrangian containing the lowest dimensional operator responsible for the b → u transition is expressed by
where φ is the Higgs doublet,φ = iσ 2 φ * , Λ represents the energy scale of NP, and C R is a dimensionless constant that depends on the details of NP. This lagrangian leads to the desired right-handed interaction as a result of the electroweak symmetry breaking.
Combined with the ordinary left-handed interaction, the b → u transition is described by the following modified charged current lagrangian:
where g is the SU(2) gauge coupling, P L(R) = (1 ∓ γ 5 )/2, and V L ub denotes the left-handed CKM matrix element. The effective right-handed CKM matrix element V R ub is given by 
A. B → τν
The pure tauonic B decay is a theoretically clean mode to determine |V ub | provided that the B meson decay constant f B is known accurately enough. The decay rate is written as
where |V exp ub | is the effective CKM matrix element that is determined by experiments assuming the SM. Since the axial-vector current contributes to this decay mode, one finds
The present world average of the branching ratio including the updated Belle data is provided by the heavy flavor averaging group (HFAG) [8] as Br(B → τν) = (1.14 ± 0.22) ×
10
−4 . Using this value and f B = 190.5 ± 4.2 MeV [9], we obtain
B. B → π ν
The axial-vector part in Eq. (2) does not contribute to the process B → π ν owing to the parity invariance of the strong interaction. The contribution of the vector part leads to the following differential decay rate,
where q µ represents the momentum transfer, λ(q
and
ub |, which reduces to the ordinary CKM matrix element in the absence of the right-handed interaction. The hadronic form factor f + (q 2 ) plays a crucial role in the determination of |V exp ub |. We employ the one evaluated using the light-cone sum rule (LCSR) [10] and its explicit form is given in Appendix A 1 for completeness. The mass of the charged lepton is neglected in Eq. (6) .
Evaluating the branching ratio with Eqs. (6) and (A2), and comparing it to the experimental result [8] , Br(B → π ν, 0 < q 2 < 16 GeV 2 ) = (1.06 ± 0.04) × 10 −4 , we obtain
where the error includes 13% theoretical uncertainty in the magnitude of f + (q 2 ) [10] as well as the experimental errors.
Both the vector and axial vector currents give rise to the decay B → V ν, where V denotes a vector meson and we consider two modes with V = ρ, ω. The differential decay rate is given as
where p V represents the three momentum of the vector meson in the rest frame of the B meson, c V = √ 2 for V = ρ 0 , ω considered below, and the helicity amplitudes H ±,0 are expressed in terms of hadronic form factors V (q 2 ) and A 1,2 (q 2 ):
We use LCSR form factors [11] and they are explicitly given in Appendix A 2.
We can experimentally determine the magnitude of the b → u charged current, represented by |V exp ub |, from the branching ratio of B → V ν. Integrating the differential rate in Eq. (8) over the phase space, we find
where
In our numerical analysis, we employ the following experimental results [12] :
for B → ρ 0 ν and
for B → ω ν, where the errors include theoretical uncertainties in the form factors. Since significant part of theoretical uncertainties is involved in these errors, neither the theoretical uncertainty in a V nor the effect of experimental cut in the phase space integration performed to obtain Eq. (11) is taken into account in the present analysis. We note that a precise study of decay distribution in these modes with copious data at the SuperKEKB/Belle II experiment may provide an improved method to probe the RHC [13] .
Both the left-and right-handed currents contribute to the inclusive b → u semileptonic process. However the interference between them is strongly suppressed because of the small mass of the up quark. Thus, the decay rate is proportional to |V
In our numerical analysis, we use the following result of GGOU method [14] given by HFAG [8] :
where the statistic and systematic errors are linearly added in order to take the sizable method dependence into account.
E. Unitarity triangle
Since the above five processes of direct |V ub | measurement are described by two independent quantities, |V 
where ξ = 1.268 ± 0.063 [9] represents the SU(3) breaking effect. Thus, we determine Consequently, one of the apices of the unitarity triangle (ρ, η) is uniquely determined (with errors) and
where λ = 0.225 and A = 0.823 are used [17] .
F. Combined result
Combining the results in Eqs. (5), (7), (11), (12), (13), (14) and (16), we obtain a constraint on V R ub . The numerical result is presented in Fig. 2 , where 1σ, 2σ and 3σ allowed regions are indicated by solid lines. The best fit is given by
with χ 2 min /dof = 2.27. We obtain χ 
A. B → ππ
The time-dependent CP asymmetry in B → π + π − is described by the following formula [18] ,
where the direct CP asymmetry C π + π − and the mixing-induced CP asymmetry S π + π − are expressed as
respectively. The amplitude ratioρ(
and the ratio of the B-B mixing coefficients is given as
The isospin analysis is mandatory to extract the information on the weak phase in this process because of the penguin pollution [19] . The decay amplitudes of the isospin doublet (B + , B 0 ) are expressed in terms of the isospin amplitudes A I = (ππ) I |B 0 (I = 0, 2):
We note a simple triangle relation,
The (B 0 , B − ) decay amplitudes bear similar relations toĀ I = (ππ) I |B 0 . The relative phase between A 0 and A 2 can be determined with a twofold ambiguity as well as their magnitudes by measuring the branching fractions of three decay modes in Eqs. (22), (23) and (24); and likewise for (B 0 , B − ) andĀ I .
The ratio of B → π + π − amplitudes in Eq. (21) is expressed in terms of the isospin amplitudes asρ
where In the presence of the right-handed b → u current in Eq. (2), the amplitudes of I = 2 consist of the left-and right-handed contributions:
TABLE I. Experimental data in B → ππ, taken from the compilation by HFAG [8] .
Thus, the large imaginary part of V R ub /V L ub suggested by the analysis in Sec. II implies a possibility of CP violation in the I = 2 channel. We neglect the electroweak penguins in the following analysis because effects of the RHC are expected to be larger than them.
The direct CP asymmetry in B + → π + π 0 , which vanishes in the SM, is written as
where the effect of the RHC in the I = 2 channel is represented by
Other CPV observables are also affected by the RHC:
where φ L 2 is one of the angles of the unitarity triangle in Fig. 1 and C π 0 π 0 is the counter part of C π + π − in B → π 0 π 0 . We note that C π 0 π 0 is determined with the time-integrated decay rate of the tagged B → π 0 π 0 process. The experimental data of these observables and relevant CP averaged branching fractions are summarized in Table I . The phase φ We determine or constrain R ππ with these data as shown in Fig. 3 . The abscissa is the CP
, which is uniquely related to |R ππ | as seen in Eq. (26) , and the ordinate is arg(R ππ ), which represents the possible discrepancy in the φ 2 measurements between B → ππ and the unitarity triangle as seen in Eq. (29) . A strong constraint is given for A CP (B + → π + π 0 ), while arg(R ππ ) is restricted rather weakly because of the eight-fold ambiguity in the isospin analysis.
The dependence of R ππ on V R ub is obtained by evaluating A 2R /A 2L in the factorization approximation:
where we introduce a strong phase δ ππ as an arbitrary parameter, which cannot be evaluated by the factorization method. A similar expression is obtained forĀ 2R /Ā 2L replacing
ub by its complex conjugate. The details of the calculation using renormalization group equations (RGE) and the factorization is relegated in Appendix B 1.
In Fig. 3 , taking the strong phase δ ππ as a free parameter, we also present the prediction on Fig. 2 . The six-peak structure corresponds to the eight-fold ambiguity since each of the peaks at 127
• and 143
• consists of two solutions. The rather wide overlap between the theoretical prediction and the experimentally allowed region is partly due to the multifold ambiguity, and shows that both the SM and the scenario of the CPV RHC are consistent with the present B → ππ data.
B. B → ρρ
The isospin analysis can be applied to B → ρρ as in B → ππ provided that the helicity state of the ρ mesons is identified by the angular analysis [20] . The possible final helicity states are ρ L ρ L and ρ T ρ T , where ρ L(T ) denotes the longitudinal (transverse) helicity state of ρ meson. The final state of ρ T ρ T is a mixture of CP -even and CP -odd states, whereas ρ L ρ L is purely CP -even as ππ. Hence, we can study
0.977 ± 0.026 [24, 25] f L (B → ρ 0 ρ 0 ) 0.618 ± 0.118 [22, 26] 
As in the above analysis of
In addition to these observables, the mixing-
We summarize the experimental values of the CPV parameters as well as the relevant branching and longitudinal fractions (f L 's) in Table II .
These experimental data constrain R ρ L ρ L and the allowed region is presented in Fig. 5 , in
are chosen as axes. It turns out that the triangle dictated by the isospin relation, We evaluate R ρ L ρ L in the presence of the CPV RHC using the RGE and the factorization method as in the case of B → ππ. We obtain A 2R /A 2L as
where an independent strong phase δ ρ L ρ L is introduced. This calculation is described in Fig. 2 and arbitrary values of δ ρ L ρ L is also depicted in Fig. 5 . One of the two experimentally allowed regions, which is consistent with the SM, is also compatible with the scenario of the CPV RHC. In Fig. 6 , we present the p value of φ consider that an uncertainty of a factor of two is likely.
C. B → DK
Two quark processesb →cus andb →ūcs (and their charge conjugates) give rise to B ± → DK ± decays in the SM and the latter is modified by the b → u RHC. We denote the relevant decay amplitudes in the following manner:
where amplitude ratios r ± are defined to be positive. This decay mode is employed to extract
ub ) (or γ) of the unitarity triangle in the SM [27] [28] [29] , in which the right-handed contribution vanishes and φ DK = φ L 3 . We stress that r + = r − in the SM, but this is not the case in the presence of the CPV RHC in general. Thus a direct CP asymmetry, is induced in addition to a discrepancy between φ DK and φ L 3 . Among several methods to extract φ 3 in the SM, we focus on the most powerful one, that is the Dalitz plot method [29] , in which the neutral D meson in B ± → DK ± is identified with its Dalitz decay
We extend the method to the case of r + = r − in the following.
Amplitudes of the Dalitz decay are written as
We neglect small meson-antimeson mixing and CP violation in the neutral D meson system in the present work. Then, the differential decay rate of
where dΦ is a phase-space factor.
In the Dalitz plot method, the phase space is divided into 2k bins as illustrated in Fig. 7 .
The binning is symmetric with respect to the diagonal line defined by s + = s − , and the i-th bin (i = 1, 2, · · · k) with s + < s − and the (−i)-th bin with s + > s − form a symmetric pair.
The partial decay rate into the i-th bin is written as
and that into the (−i)-th bin is
where is 2k + 4, that of observables (Γ ± ±i ) is 4k, and in principle, all the unknown quantities can be determined provided k ≥ 2. In particular, we can obtain the direct CP asymmetry in Eq. (38) and the angle discrepancy φ DK − φ L 3 with the (extended) Dalitz plot method. It is possible to improve the analysis by using c i 's and s i 's independently extracted from data at a charm factory [29] . The entangled D 0D0 states produced near the threshold exhibit quantum interference that depends on c i 's and s i 's.
In Ref. [30] , experimental data of Belle corresponding to Γ ± ±i , T ±i are shown for the optimized binning [31] with k = 8. The result for c i 's and s i 's by CLEO collaboration [32] is also summarized in Ref. [30] . Using these data, we obtain a constraint on the direct CP The region between two black dashed ellipses is 1σ prediction as denoted and the whole plane is practically allowed at the 2σ level.
Eq. (52) below.) as presented in Fig. 8 . Although the restriction is rather mild at present, we confirm that the extended Dalitz plot method does work and expect a better sensitivity in future.
In order for a comparison with the allowed region in Fig. 8 , we evaluate the effect of the CPV RHC on B + → D 0 K + and the charge conjugation mode. Their amplitudes are decomposed into the left-and right-handed contributions:
where φ
) is the weak phase of the left(right)-handed current and δ L,R denote strong phases. It is convenient to introduce an amplitude ratio as
where δ = δ R − δ L . Then, it is straightforward to obtain the following relations from Eqs. (35), (37) and (38):
The RGE and the factorization approximation gives
as described in Appendix B 3.
We evaluate R DK in Eq. (50) 
where the dimensionless mass insertion parameters are defined by δ We briefly summarize the hadronic form factors used in our numerical analysis in the main text.
B → π
The hadronic form factor f + (q 2 ) in Eq. (6) is defined as
The result of LCSR is concisely parameterized in the following form of pole dominance [10] : 
B → ρ, ω
The form factors in Eqs. (9) and (10) are parameterized as
The LCSR gives [11] r In this Appendix, we describe the calculation of B → ππ, ρρ, DK amplitudes in the factorization method.
B → ππ
The effective four-fermion hamiltonian that contributes to the I = 2 channel in B → ππ is decomposed into the left and right pieces as H eff = H L + H R , and
where X = L, R and µ denotes a renormalization scale. The four-fermion operators are defined by
where α and β are color indices. Wilson coefficients C jX (j = 1, 2) are obtained by solving a set of renormalization group equations in the leading order [34] . The relevant anomalous dimensions are
for O jL and O jR respectively. As a result, we obtain the Wilson coefficients at the bottom quark mass scale (m b ):
where α s (m Z ) = 0.118 [16] and m b = 4.2 GeV [35] are used. We neglect the gluon penguin operators since they do not contribute to the I = 2 final state.
The amplitude ratio A 2R /A 2L is conveniently evaluated by calculating
and 
where M b denotes the bottom quark pole mass, m q represents the average current mass of the up and down quarks, and we employ M b = 4.91 GeV [35] and m q = 3.5 MeV [16] in our numerical calculation.
The factorization method described above should be understood as a crude approximation that provides an order of magnitude. We consider that an uncertainty of a factor of two remains even in the ratio in Eq. (B11). Furthermore it gives no information on the phase shift by the strong interaction, and thus we introduce a strong phase in Eq. (31) by hand.
B → ρρ
The effective four-fermion hamiltonian for B → ππ, shown in Eqs. (B1), (B2) and (B3), also describes the I = 2 amplitudes in B → ρ L ρ L . The relevant matrix elements are evaluated almost in the same way as in the case of B → ππ. We finally obtain 
where the four-fermion operators are defined by
The renormalization of these operators are the same as those in B → ππ in the leading order and hence the Wilson coefficients are also given by Eqs. (B5), (B6), (B7) and (B8).
Using Fierz rearrangement and ignoring annihilation terms and nonfactorizable contri- 
where M c = 1.77 GeV denotes the charm quark pole mass [35] and we have neglected the up and strange quark masses. The quark pole masses emerge when we utilize the equations of motion of the quark fields in order to evaluate the contribution of the RHC. We note that the B → K form factors and the D meson decay constant appearing in each amplitude A X cancel out in the ratio of Eq. (B16) as in B → ππ.
